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Abstract 
The wakes induced by the wind turbines are modeled with the finite-volume code WindSim, based on the solving of 
the Reynolds Averaged Navier-Stokes (RANS) equations of an Atmospheric Boundary Layer. The RANS equations 
of an uncompressible flow are solved with a multigrid coupled solver (MIGAL); turbulence is closed with the RNG 
k-ε model. The rotor of a wind turbine is modeled by an actuator disc providing a resistive force which is calculated 
from the thrust coefficient curve of wind turbine. The axial thrust can be distributed over the swept area in three 
different manners: by a uniform, parabolic or a polynomial distribution. 
A wake is therefore generated downstream of each turbine with wake deficit and induced turbulence. 
When using the actuator disc technique it is also interesting to observe how the wake-wake, wake-terrain interactions 
are predicted; moreover, also simulations with actuator discs and flows with thermal effects can be carried out. 
In this work we present first a series of simulations over a single turbine for a grid sensitivity study, in the second part 
a validation against production data from the offshore wind farm Horns Rev is presented. 
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Nomenclature 
D rotor diameter  
uĞ wind speed at undisturbed position 
u wind speed 
u1 wind speed at rotor plane 
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1 Modeling a wind turbine with a porous disc 
In this paper a series of simulations is presented where a wind turbine is modeled with the concept of 
the actuator disc in CFD (Computational Fluid Dynamics) calculations over a flat terrain or over the sea. 
The Reynolds Averaged Navier Stokes (RANS) equations are solved with a finite-volume technique; 
the turbulence is closed by the RNG k-H model [4] and the algorithm of integration is a coupled multi-grid 
named MIGAL. 
In the present section only simulations of a single turbine on a flat terrain are presented; the final goal 
of the research is to use the actuator disc concept in the procedure to estimate the AEP of a complete wind 
farm in a general layout. The first attempt from the authors to model a single wake has been presented in 
Crasto and Gravdahl [5] while a group of turbines have been modeled in the poster Crasto et al. [6]. 
The methodology has been implemented in the commercial wind farm design tool WindSim, making it 
available also to people external to the developers. Validation studies consequently have been run also 
outside the mother company, for example in the analysis by Castellani and Vignaroli [7] and in the thesis 
work by Raphaël Désilets-Aubé [8] confirming a good representation of the wakes and its applicability 
for energy computations. 
Recently, the actuator disc has been used to model multiple wakes in large wind farm, providing a 
reliable description of the far wake [9], wake-terrain and wake-wake interactions. Studies have been 
carried out on the application of different eddy-viscosity turbulence models [10,11,12]; the standard k-ε 
model, for example, gives an under prediction of the wind deficit in the near wake.  
The swept area of a wind turbine rotor is modeled by porous cells, exerting axial resistive forces, 
hence an actuator disc, whose concept is also sketched in Fig. 1. The porous cells constituting the rotor 
extract momentum from the flow according to the thrust-coefficient curve of the given turbine. The 
evaluated thrust is then distributed over the swept area in three possible manners: with a uniform, 
parabolic or polynomial distribution. 
The pressure drop is calculated from a combination of the thrust coefficient curve and a formula to 
estimate the axial induction factor a. 
 
Fig. 1 Sketch for an actuator disc exerting a thrust distributed uniformly over the swept area. 
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The pressure-drop through the actuator disc is calculated from the thrust coefficient curve and the 
Betz’s theory to evaluate the axial induction factor. 
In order to estimate the power production two methods have been investigated:  
 
Method 1, based on Power Curve: 
 
Firstly the power curve of the turbine is modified by giving the power as function of the wind speed at 
the rotor. The power of each turbine is estimated by extracting the wind speed at the hub position and 
entering therefore in the modified power curve. 
 
Method 2, based on Power Integral 
 
The calculation of the power with the integral method was made using a sub-grid centered on the rotor 
swept area. The method operates using the wind field and the pressure field estimated by the CFD code 
on horizontal planes placed at different heights from ground level within the rotor swept area. 
At each position on the chord individuated by the horizontal plane intersection with the rotor the 
calculated field of horizontal wind speed is interpolated; then starting from each position the pressure 
variation is investigated half diameter upstream and downstream in the direction of wind. 
In this way the maximum pressure drop can be evaluated for each rotor investigated position; the 
analysis is done with a discrete approach using an adequate resolution. 
Each pair of values of pressure drop and wind speed was then used to obtain a local value of power. 
Finally a weighted average of the local values was estimated considering weights that are proportional 
to the portion of the swept area represented by each position. Such weights were estimated using the local 
values of the height from ground and the distance from the rotor center  projection. In this way it was 
possible to approximate the integral formulation of power. 
 
1.1. Grid sensitivity study 
A grid sensitivity study is performed with 20, 10, 5 and 4 meters cell resolution in the turbine region, 
which in terms of rotor diameters are D/4th , D/8th , D/16th and D/20th being D the rotor diameter of the 
wind turbine. Top views of the four computational meshes tested are given in Figure 2. A grid resolution 
with negligible discretization errors looks to be achieved with a spacing of D/16th, 5 m resolution in the 
case of Vestas V80 as employed in Horns Rev. 
 
1.1 Analytical wake models: 
Wake losses can be estimated also using analytical models to post-process the CFD solutions of the 
simulated wind without turbines. In this case the wind field CFD calculations are performed firstly 
disregarding the turbines and only in a following step the results are post processed for wakes. This 
methodology allows to test very quickly a large number of wind farm layouts, with different models of 
turbin. In WindSim there are implemented three analytical wake models: 
 
Jensen (Wake Model 1)  [1] 
Larsen (Wake Model 2) [2] 
Ishihara (Wake Model 3) [3] 
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Fig. 2. Top view of computational meshes for 20 m (above left), 10 m (above right), 5 m (below left) and 4 m (below right) of 
maximum resolution in the location of the wind turbine. 
When wakes are overlapping the overall wake deficit is obtained by the square root of the sum of 
squares of single wake deficits. 
1.2 Comparison against production at Horns Rev 
Horns Rev is an offshore wind farm located 13 km from the Danish coastline consisting of 80 wind 
turbines (Vestas V80). The extension of the CFD model run is 15 km easting, 9 km northing and 0.8 km 
vertically, counting approximately 5 million hexahedral cells (304 x 562 x 29 = 4 954 592). 
The horizontal resolution reached is 8 m (10 rotor diameter subdivisions) for the results presented 
below. Due to the heavy calculation load it was not possible to achieve 5 m resolution (16 rotor diameter 
subdivisions) in the wind farm area and some grid dependency is expected. Vertically the grid is uniform 
from the lower to the upper tip, from 30 m to 110 m asl, with 8 m resolution. Above the upper tip the grid 
is gradually expanded. For the approach with analytical models a different grid has been used. 
In figure 4,5 and 6 some results are shown comparing different versions of the integral method for the 
power estimation, the power curve method and analytical models.  
The power is plotted against the turbine position in the direction of wind (Columns) or orthogonal to 
the wind (rows); experimental data for Horns Rev are for 270°± 1° and 270°± 5°. 
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2 Conclusions 
An actuator disc concept is applied to model the wakes of wind turbines in combination with RANS 
simulations. A pressure drop is applied over the disc. Three different ways of distributing the pressure 
drop have been implemented: uniform, parabolic and polynomial. The value of the pressure drop is 
calculated from the thrust coefficient and the axial induction factor from the Betz’s theory. In the previous 
section power predictions for uniform distributions are presented.  
Two methods to compute the power have been considered: extracting a wind speed at the rotor and 
applying the power curve or computing an integral of the power extracted by the disc. When comparing 
the results from the actuator disc simulations with the Horns Rev production data at 6 and 10 m/s the 
power drop from first to second row is predicted within a good approximation. The actuator disc 
technique described gives better predictions of power for higher wind speeds and wider directional 
sectors. In the cases presented the most performing methodology has resulted the model in Larsen 
analytical model [2]. Since the actuator disc technique gave worse performance for narrower sectors, 
there is the suspect that the meandering should be included for them by unsteady RANS. 
Since the grid sensitivity study pointed out that the actuator disc should be represented with 16 
subdivisions along the diameters, there is the intention to repeat these validation cases with Actuator 
Discs having higher resolution. 
Also the swirl of the wake can play an important role on the correct simulation of the wakes. This part 
of the wake flow will be also considered in future studies. 
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Fig. 3. Power predictions for Horns Rev, Case 1.10.1, 10 m/s at hub 270° ± 1°. 
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Fig. 4. Power predictions for Horns Rev, Case 1.10.2, 10 m/s at hub 270° ± 5°. 
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Fig. 5. Power predictions for Horns Rev, Case 1.6.1, 6 m/s at hub 270° ± 1°. 
 
0
50
100
150
200
250
300
350
0 2 4 6 8 10
Po
w
er
 [k
W
]
Rows
Horns Rev Case 1.6.1 6 m/s at hub height 270° ± 1°
Case 1.6.1 (270°±1°)
power integral
Case 1.6.1 (270°±1°)
power integral
0
50
100
150
200
250
300
350
0 2 4 6 8 10
Po
w
er
 [k
W
]
Columns
Case 1.6.1 (270°±1°)
Wake Model 1
Wake Model 2
Wake Model 3
power integral
power curve
